We report the fabrication and characterization of surface plasmon (SP)-enhanced blue light-emitting diodes (LEDs) with Ag nanoparticles and SiO 2 nano-disks embedded in the p-GaN layer. Compared with LEDs without Ag nanoparticles, the optical output power increases for the SP-enhanced LEDs with and without SiO 2 nano-disks are 72% and 49%, respectively. The greater increase in optical output power for the SP-enhanced LEDs with SiO 2 nano-disks compared with SP-enhanced LEDs without SiO 2 nano-disks can be attributed to the SiO 2 nano-disks in the p-GaN layer, which reduce the Ag nanoparticle-induced defects and enhance the light extraction efficiency of the LEDs. Localized surface plasmons (LSPs) are local collective oscillations of electrons at interfaces between metal nanoparticles and a dielectric matrix. The resonance wavelength of LSPs associated with metal nanoparticles can be easily tuned. This allows one to obtain an electromagnetic field enhancement across a wide range of energies. Recently, LSP coupling induced with metal nanoparticles has been actively employed to enhance the light emission efficiency of lightemitting diodes (LEDs), because the LSP coupling rate is very fast and this new recombination path increases the spontaneous emission rate. [1] [2] [3] [4] [5] [6] [7] [8] [9] We have previously studied on surface plasmon (SP)-enhanced blue LEDs with Ag nanoparticles inserted into the n-GaN or p-GaN layers of LEDs. In these systems, the enhancement of local electromagnetic fields is strongly dependent on the distance between the multiple quantum wells (MQWs) and the metal nanoparticles. 6, 7 However, the crystal quality and electrical characteristics of the SP-enhanced LEDs were degraded because of the formation of defects that were induced by the Ag nanoparticles embedded in the GaN layer. 
Localized surface plasmons (LSPs) are local collective oscillations of electrons at interfaces between metal nanoparticles and a dielectric matrix. The resonance wavelength of LSPs associated with metal nanoparticles can be easily tuned. This allows one to obtain an electromagnetic field enhancement across a wide range of energies. Recently, LSP coupling induced with metal nanoparticles has been actively employed to enhance the light emission efficiency of lightemitting diodes (LEDs), because the LSP coupling rate is very fast and this new recombination path increases the spontaneous emission rate. [1] [2] [3] [4] [5] [6] [7] [8] [9] We have previously studied on surface plasmon (SP)-enhanced blue LEDs with Ag nanoparticles inserted into the n-GaN or p-GaN layers of LEDs. In these systems, the enhancement of local electromagnetic fields is strongly dependent on the distance between the multiple quantum wells (MQWs) and the metal nanoparticles. 6, 7 However, the crystal quality and electrical characteristics of the SP-enhanced LEDs were degraded because of the formation of defects that were induced by the Ag nanoparticles embedded in the GaN layer. 7 In this letter, we present SP-enhanced blue LEDs with Ag nanoparticles and SiO 2 nano-disks in the p-GaN layer, where the SiO 2 nano-disks act as a lateral epitaxial overgrowth (LEO) mask. The optical properties of the SP-enhanced LEDs with Ag nanoparticles were enhanced by the resonance coupling between the excitons in the MQWs and the LSPs in the Ag nanoparticles. Additionally, the SiO 2 nano-disks further enhanced the light extraction efficiency and improved the electrical properties of the SP-enhanced LEDs by reducing the defects induced by Ag nanoparticles in the p-GaN layer.
Figure 1(a) shows a schematic of the SP-enhanced blue LEDs with the Ag nanoparticles, which were covered by SiO 2 nano-disks and embedded in the p-GaN layer. The LEDs were grown on a c-plane (0001) sapphire substrate using metalorganic chemical vapor deposition (MOCVD). After growing a 25 nm-thick GaN nucleation layer at 550 C, a 3 lm-thick n-GaN layer was grown at 1020 C. Then, five InGaN/GaN MQWs were grown at 770 C, followed by a 30 nm-thick p-GaN spacer layer grown at 970 C. The samples were taken out of the MOCVD chamber and a 1 nm-thick Ag layer was deposited on the p-GaN spacer layer using electron-beam evaporation. After the Ag layer was thermally annealed in a rapid thermal annealing chamber at 500 C for 5 min, a 40 nm-thick SiO 2 layer was deposited on the Ag nanoparticles using plasma-enhanced chemical vapor deposition. Then, circular hole patterns with diameters of 250 nm were generated in a photoresist (PR) layer on the SiO 2 layer by employing two-beam laser holography. The PR was removed after deposition of a 5 nm-thick Cr mask. The SiO 2 layer with the Cr mask was etched by reactive ion etching using CH 4 gas to produce SiO 2 nano-disks on the Ag nanoparticles. Figure 1 (b) shows scanning electron microscopy (SEM) images of the SiO 2 nano-disks. After the regrowth of the 200 nm-thick p-GaN layer, the SiO 2 nano-disks on the Ag nanoparticles were fully covered by the p-GaN epilayer. Finally, SP-enhanced LEDs with a size of 300 Â 300 lm 2 were fabricated as shown in Fig. 1(a) , using a previously reported process. Figure 2 shows atomic force microscopy (AFM) images of the p-GaN layers with and without SiO 2 nano-disks, after the regrowth of the 200 nm-thick p-GaN layer. From Fig. 2 , it can be seen that the full coalescence of the p-GaN layer is achieved, and the Ag nanoparticles are fully covered by the p-GaN epilayer in both samples. In particular, there is a significant improvement in the surface morphology of the p-GaN layer when the SiO 2 nano-disks are present. The root mean square (RMS) roughness of the p-GaN layer without the SiO 2 nano-disks is 0.43 nm. This value is larger than that of the as-grown p-GaN epilayer (0.18 nm). When the SiO 2 nano-disks are present, however, the RMS roughness is 0.15 nm, which is similar to that of the as-grown p-GaN epilayer. Furthermore, the surface pit density of the p-GaN layer with both the Ag nanoparticles and SiO 2 nano-disks decreases from 2 Â 10 8 cm À2 of the p-GaN layer only with Ag nanoparticles to 4 Â 10 7 cm
À2
. This result can be attributed to the decrease in coalesced regions of p-GaN layer grown on top of the Ag nanoparticles in SP-enhanced LEDs. 7 Most of the defects in the p-GaN layer propagate from the Ag nanoparticles to the top surface of the p-GaN layer. However, the propagation of the defects is terminated when they encounter the SiO 2 nano-disks, which act as an LEO mask. This results in a decrease in the RMS roughness and surface pit density of the regrown p-GaN layer. 10, 11 Figure 3(a) shows the room temperature photoluminescence (PL) spectra of SP-enhanced LEDs with and without SiO 2 nano-disks in the p-GaN layer. As shown in Fig. 3(a) , the PL intensities of the two SP-enhanced LEDs with Ag nanoparticles are much higher than that of the LED without Ag nanoparticles. The integrated PL intensity of the SPenhanced LEDs with both Ag nanoparticles and SiO 2 nano-disks is 91% higher than that of the LED without Ag nanoparticles. The large increase in PL intensity can be attributed to the coupling between the excitons in the MQWs and the LSPs because of the charge density oscillations of the confined SP modes in the Ag nanoparticles. 1, 7 Moreover, the PL intensity of the SP-enhanced LED with SiO 2 nanodisks is higher than that of the SP-enhanced LED without SiO 2 nano-disks. The PL enhancement can be attributed mostly to the SiO 2 nano-disks embedded in the p-GaN layer, which scatter the propagating light randomly and improve the light extraction efficiency of the LEDs. [12] [13] [14] [15] To confirm that the improvement of internal quantum efficiency (g int ) is caused by the increase in the spontaneous recombination rate through the quantum well (QW)-LSPs coupling, the temperature-dependent PL was measured at temperatures ranging from 10 to 300 K. Figure 3(b) shows an Arrhenius plot of the normalized PL intensity for the SP-enhanced LEDs with and without SiO 2 nano-disks in the p-GaN layer. The value of g int for the LEDs can be estimated by comparing the integrated PL intensities, assuming that the g int is 100% at 10 K. 16 The value of g int for the SP-enhanced LEDs with both Ag nanoparticles and SiO 2 nano-disks was estimated to be 38%, which is about three times higher than that (12%) of the LED without Ag nanoparticles. This improvement in g int is caused by the fast spontaneous recombination rate of the exciton dipole in the MQWs. When the energy of the excitons in the QW is similar to the electron vibrational energy of the LSP in the Ag nanoparticles, the exciton energy can be transferred to the LSP. Consequently, a new recombination path is created, which results in an increased recombination rate. [1] [2] [3] In the case of SP-enhanced LEDs without SiO 2 nano-disks, the value of g int was 34%. This value is similar to that for the SP-enhanced LED with both Ag nanoparticles and SiO 2 nano-disks. These results further shows that the large enhancement in the PL of LEDs with both Ag nanoparticles and SiO 2 nano-disks, as shown in Fig. 3(a) , can be attributed to the improvement in light extraction efficiency of the LEDs by SiO 2 nano-disks.
To investigate the electrical properties of the SPenhanced LEDs, the current-voltage (I-V) characteristics were measured as shown in Fig. 4(a) . The forward voltage of the SP-enhanced LED without SiO 2 nano-disks is 3.73 V at 20 mA. However, the forward voltage of the SP-enhanced LED with SiO 2 nano-disks in the p-GaN layer is 3.63 V, which is almost the same as the forward voltage (3.65 V) of the LED without Ag nanoparticles. The series resistance of SP-enhanced LEDs with SiO 2 nano-disks is also slightly lower than that of SP-enhanced LEDs without SiO 2 nanodisks. The inset in Fig. 4(a) shows the reverse-bias leakage current of the LEDs. The reverse-bias leakage current of the SP-enhanced LEDs with SiO 2 nano-disks is lower than that of the SP-enhanced LEDs without SiO 2 nano-disks. It was reported that the increased series resistance and reverse-bias leakage current in the SP-enhanced LEDs can be attributed to the defects in the p-GaN layer that are induced by the Ag nanoparticles. These defects act as nonradiative recombination centers and create leakage paths in the LEDs. 7, 17 However, the electrical properties of the LEDs with SiO 2 nano-disks, which act as LEO masks, are nearly the same as those of LEDs without Ag nanoparticles, because the SiO 2 nano-disks significantly reduce the defects induced by the Ag nanoparticles and improve the electrical properties of the LEDs. [14] [15] [16] The reverse-bias leakage current of SP-enhanced LEDs with both Ag nanoparticles and SiO 2 nano-disks, as shown in Fig. 4(a) , is believed to be due to the defects induced by the Ag nanoparticles in the window regions between the SiO 2 nano-disks. Figure 4(b) shows the optical output power of the SP-enhanced LEDs with and without SiO 2 nano-disks as a function of the injection current. The optical output power of the LEDs was measured using a 2 cm diameter calibrated Si photodiode that was connected to an optical power meter. Compared with LEDs without Ag nanoparticles, the optical output power at a current of 20 mA of the SP-enhanced LEDs without and with SiO 2 nano-disks is increased by 49% and 72%, respectively. As the inset of Fig. 4(b) shows, the partial external quantum efficiency (EQE) of the SP-enhanced LEDs is also higher than that of the LEDs without Ag nanoparticles. Particularly, it is noted that the optical output power of the LEDs with SiO 2 nanodisks is much higher than that of the LEDs without SiO 2 nano-disks. This result indicates that the SiO 2 nano-disks enhance the light extraction efficiency and reduce the defects induced by the Ag nanoparticles, which results in an improvement in the optical output power and electrical properties of the SP-enhanced LEDs. However, the electroluminescence (EL) enhancement from SP-coupling is lower than the PL enhancement because the PL enhancement includes both the enhancements of energy absorption and the emission efficiency. When an Ag nanoparticle is placed in the vicinity of a QW, the excitation source can get coupled first into the tightly confined SP mode enhancing the optical energy density near the QW, which enhances the absorption rate. Furthermore, the presence of an Ag nanoparticle in the vicinity of a QW creates an additional recombination path for the electron-hole pairs and enhances the emission efficiency by transferring energy into the SP modes. 18, 19 However, only a portion of this energy is coupled into radiative modes, which compete with the fairly large metal loss. As a result, the EL enhancement is much lower than the improvement in the value of g int .
In summary, we demonstrate the SP-enhanced blue LEDs with Ag nanoparticles embedded in p-GaN layer, which were covered by SiO 2 nano-disks. The optical output power at a current of 20 mA of the SP-enhanced LEDs was enhanced by 72% compared with LEDs without Ag nanoparticles. This enhancement can be attributed to the improvement in the value of g int in the MQWs. This improvement was caused by the coupling between the excitons in the MQWs and the LSPs in Ag nanoparticles and by the enhanced light extraction efficiency by SiO 2 nano-disks in the p-GaN layer. The leakage current of SP-enhanced LEDs with SiO 2 nano-disks was significantly reduced compared with that of LEDs without SiO 2 nano-disks. 
